A new species of the synallactid sea cucumber genus Pseudostichopus is described, P. aemulatus sp. nov., based on genetic (DNA sequences of the mitochondrial gene Cytochrome Oxidase I [COI] gene) and morphological characters. A comparative molecular study with two other species of the same genus (P. villosus and P. mollis) and from a di¡erent family (Isostichopus fuscus) was carried out in order to clarify its taxonomic identity. The nucleotide distance between P. aemulatus sp. nov. and P. villosus and P. mollis is su⁄cient to support distinct species status. The estimated di¡erence in the number of amino acids, coded for by a partially sequenced COI gene, within the species of the family Synallactidae ranged from 4 to 18. The phylogenetic analysis clearly supports separate species status of these sympatric morphotypes, as indicated by the morphological analysis.
INTRODUCTION
Holothurians are amongst the most conspicuous elements of the deep-sea megafauna. Many of their morphological characters show a high degree of variation some of which may arise as a result of artefacts of methods used for collection and preservation of specimens. The deep-sea species of the family Synallactidae are typical of this situation. This family contains 19 controversial described genera including: Amphigymnas, Bathyplotes, Benthothuria, Hansenothuria, Mesothuria, Paroriza, Pelopatides, Pseudostichopus, Synallactes, Zygothuria, Allopatides, Bathyzona, Capheira, Dendrothuria, Filithuria, Galatheathuria, Perizona, Pseudothuria, Scotothuria. The genus Pseudostichopus The¤ el, 1886 is one of the oldest established synallactid taxa and its species also demonstrate a high level of putative intraspeci¢c variation.
Many synallactid holothurians were collected by the RRS 'Discovery' and RRS 'Challenger' from the deep-sea £oor of the Porcupine Abyssal Plain, north-east Atlantic during a number of European Union co-sponsored research programmes between 1991 and 1999, including the BENGAL project (High-resolution temporal and spatial study of the BENthic biology and Geochemistry of a north-eastern Atlantic abyssal Locality) . The samples included numerous specimens of P. villosus The¤ el, 1886, and many individuals of a smaller Pseudostichopus morphotype .
Whether this smaller morphotype represented ontogenetic variation amongst one of the other Atlantic Pseudostichopus (P. depressus He¤ rouard, 1902, P. lapidus He¤ rouard, 1923, P. marenzelleri He¤ rouard, 1923, P. occultatus Marenzeller, 1893 and P. villosus The¤ el) or whether it represented a previously unrecognized taxon was uncertain. Previous descriptions of the external features and ossicle morphology of Pseudostichopus species are ambiguous and frequently contradictory. Di¡erences in general body shape and internal anatomy between Atlantic Pseudostichopus specimens are often small and again may simply represent intraspeci¢c variation.
In this study we aimed to clarify the morphological identity of some of the north-east Atlantic Pseudostichopus species, and to augment the morphological data with DNA sequences of the mitochondrial gene Cytochrome Oxidase I (COI) gene. The data indicate that the smaller, common morphotype of Pseudostichopus from the Porcupine Abyssal Plain is a distinct species and that in this case what has been interpreted as intraspeci¢c variation within species is interspeci¢c variation between known and cryptic species of holothurians. The systematic implications of this for deep-sea and shallow-water holothurians are discussed.
MATERIALS AND METHODS

Sampling
Pseudostichopus specimens were examined from 14 samples taken on the Porcupine Abyssal Plain to the southwest of Ireland, north-east Atlantic, ranging from 4764 to 4849 m in depth (Table 1) . Rice (1992 Rice ( , 1996 Rice ( , 1997 , Billett (2000) and provide descriptions of the study area, and the sampling strategy and gear used.
In addition to these abyssal north-east Atlantic specimens, Isostichopus fuscus was collected using SCUBA diving from a shallow-water site (15 m depth) in the East Paci¢c, o¡ the coast of Jalisco, Mexico (218N) in the year 2000.
Specimens used in the morphological analysis were ¢xed in 4^8% bu¡ered formalin for at least 24 hours and then transferred to 70% ethanol. Specimens collected for molecular analyses were placed immediately in chilled water on-board ship and transferred to a temperature controlled room (48C). Individuals were dissected to obtain a sample of longitudinal muscle from the body wall, which was immediately placed in 99% ethanol.
Identi¢cation
Taxonomic identi¢cation using external and internal anatomy was carried out prior to DNA analysis, based on original descriptions and keys. Total length (TL), as indicated in the results, was measured from the tip of the anterior part of the body to the posterior end. Width (W) was measured from the widest part of the body at the midventral region. For each set of measurements, the maximum, minimum and median values were recorded. All measurement values are in millimetres. The specimens were deposited in the collections of the Natural History Museum, London (NHM); the National Museum of Natural History, Smithsonian Institution, Washington, DC, USA (USNM); the Zoological Museum, Copenhagen, Denmark (ZMC); Echinoderm National Collection, Universidad Nacional Autonoma de Mexico, Mexico City, (ICML-UNAM) and the Discovery Collections, Southampton Oceanography Centre, UK (SOC-DC).
Polymerase chain reaction and sequencing
Three species were screened in the present study, two Pseudostichopus species and Isostichopus fuscus (Ludwig, 1875) . The latter was used as outgroup for the phylogenetic analysis. DNA was extracted through digestion of a small piece of muscle (approximately 200 mg) in 100 mM TrisĤ CL, pH 8.0, 1.25% SDS, and 390 ng/ml proteinase K (approximately 0.012% units/ml of Boeghringer Mannheim, Cat. no. 1373-196) . These preparations were incubated for 2 h at 558C in an incubator and then a standard phenol/chloroform-isoamyl alcohol extraction was carried out with precipitation of DNA by 2:1 ice-cold 100% ethanol plus 1:10 3M sodium acetate. Polymerase chain reactions (PCRs) were carried out in 20 ml total volume using sterile water, and contained 160 mM each dNTP, 10 mM Tris^HCL, pH 8.3, 40 mM KCL, 2 mM MgCl 2 , 1mM each primer, 1 unit Taq-polymerase, and 10 to 30 ng template DNA. The primers used to amplify the 3 0 end of the COI gene and their position in the mitochondrial map of the sea urchin Strongylocentrotus purpuratus (Stimpson, 1857) are shown in Table 2 (Jacobs et al., 1988; Arndt et al., 1996) .
Polymerase chain reaction was performed using either a Perkin-Elmer 480 or a Hybaid PCR-Express thermocycler and comprised a 948C/4 min initial denaturing step followed by 30 cycles of 948C/1min, 508C/1min, and 728C/1min. A ¢nal elongation step of 728C/10 min was used. The 'oil overlay' and 'hot lid' methods worked equally well. Products were visualized on a 1.5% agarose gel stained with ethidium bromide. Polymerase chain reaction products were puri¢ed with Qiagen Qiaquick PCR puri¢cation columns (Cat. no. 28106), according to manufacturer's guidelines. Cycle-sequencing reactions of 10 ml were prepared using Perkin-Elmer BigDye Terminator Ready Reaction mixes (Cat. no. 4303152), using the manufacturer's guidelines. The products of the cyclesequencing reactions were puri¢ed using Qiagen DyeEx Spin kits (Cat. no. 63104) and sequences visualized using a Perkin-Elmer ABI 377 automated DNA sequencing machine. All samples were double-checked by reverse sequencing. Table 1 . List of stations used in the study. RRS 'Discovery' cruises 222(2), 226, 237 and RRS 'Challenger' cruises 79, 142 (Rice, 1992 (Rice, , 1996 (Rice, , 1997 Billett, 2000) . Table 2 . Oligonucleotid primers sequences used in the present study.
Molecular data analysis
The potential interspeci¢c variation of the putative species of Pseudostichopus was analysed using a 597 base pair partial COI sequence with all bases included (bp 15 97, GenBank accession nos. AF486424^AF486436). The analysis sample set comprised COI sequences for P. mollis, P. villosus, the Pseudostichopus morphotype and the outgroup Isostichopus fuscus (Table 3) . These represent consensus sequences determined from the original sequence data set of 14 individuals in which all identical sequences were collapsed. The COI amino acid sequence was used for the best possible alignment. All sequences were aligned using Clustal X (Thompson et al., 1997) and edited by eye using MacClade (Maddison & Maddison, 1989 , 1992 .
Phylogenetic analysis was performed on the nucleotide sequence data. Non-parametric bootstrap analysis was performed under minimum evolution (ME), maximum parsimony (MP) and maximum likelihood (ML) optimality criteria using PAUP 4.0b8a (PPC) (Swo¡ord, 1998) . Starting trees were obtained by neighbour joining for ME and ML and via stepwise addition with random sequence addition for the MP analysis. In the MP analysis, gaps were treated as missing and of the 597 characters 144 were parsimony-informative. For all optimality criteria a heuristic search was employed using the tree-bisectionreconnection (TBR) branch-swapping algorithm, in addition to an exhaustive ML search.
The best model of evolution for ME and ML analysis was determined by hierarchical likelihood ratio tests (hLRTs) using Modeltest v3.0 (Posada & Crandall, 1998) . The general time reversible model with I (GTR+I) was chosen above others as the most suitable model of evolution for the data set. The estimations from the hLRTs were used to re¢ne the optimality criteria settings as follows; the proportion of invariable sites (I) was set to 0.5618, gamma distribution (the distribution of rates at variable sites) was assumed equal, the substitution model was based on the rate matrix (Table 4 ) and, base frequencies were set to A¼0.2804, C¼0.2079, G¼0.1735 and, T¼0.3382.
For all searches, starting branch lengths were obtained using the Rogers^Swo¡ord approximation method and a molecular clock was not enforced. 
RESULTS
SYSTEMATICS
Diagnosis
A medium-sized species up to 146 mm long. Body cylindrical, slightly £attened ventrally. Mouth subterminal, anal opening in a vertical furrow; dorsal papillae conspicuous, arranged in six parallel series. Papillae slightly longer and more abundant in the posterior part of the body. Twenty tentacles. Calcareous ring stout, and well developed. Radial pieces of di¡erent robustness and shape, depending on the position in the calcareous ring. Interradial pieces of similar aspect and size. Polian vesicle single, ventral. Gonad unbranched, with two tufts at both sides of the dorsal mesentery. Ossicles of the tentacles: sacciform rods with one or two knobs and £at or knobbed calcareous bodies of di¡erent complexity. Ossicles in the gonad: branched and unbranched arched rods with pointed ends, with one, two or three spiny tips. Some rods with a single knobbed centre. Body wall, papillae and respiratory trees devoid of any ossicles.
Etymology
The speci¢c epithet aemulatus in Latin means to emulate or imitate. It is here used as a noun in apposition and refers to the fact that externally, the adults of the new species are very similar to those of the congeneric species.
Description
Of the 1298 specimens examined (Table 5) , the largest measured 146 mm in total length (TL) and 22 mm wide (W). Generally the body was cylindrical in shape ( Figure  1A ,B). The body surface was sometimes encrusted with foraminiferan shells and sand. Some specimens (i.e. from Station 13078#29), small (520 mm) or large (4100 mm) were completely covered by foraminiferans. The tegument was faint, pale, yellowish white and opaque. It was about 2 mm thick and of moderate hardness.
The tentacles, 20 in number, were small, shield-shaped and coloured faint, pale yellowish. The mouth was situated ventrally on the anterior part of the body. The anus was situated in the shallow vertical furrow on the posterior part of the body. Small papillae were arranged in two double rows and two single rows along the dorsal and lateral ambulacra, respectively ( Figure 1A ). They varied in number between 10 and 23 along each row of the dorsal radii and between 6 and 13 in the lateral radii, depending on specimen size. The ventral surface was completely naked ( Figure 1B) . In some individuals greater than 100 mm long, the specimens appeared to lack any dorsal papillae. The posterior anal lobules exhibited di¡erent morphology depending on the size of the posterior dorsal papillae that converged in this area of the body (Figure 1I 1^3 ) .
The calcareous ring consisted of ¢ve radial pieces and ¢ve interradials. The radial pieces were wide and stout, bearing di¡erent shapes depending on their position in the calcareous ring ( Figure 1H 1^3 ). They had two central anterior processes and two antero-lateral ones. The mid-ventral radial piece was slightly narrower on its posterior margin than on the anterior margin; 6.5 mm and 5 mm respectively. The posterior margin was gently curved ( Figure 1H 1 ) . The lateral radial pieces were narrower on their anterior margin than on the posterior margin; 15 mm as opposed to 10 mm respectively and had a strong posterior indentation ( Figure 1H 2 ). The dorsal radial pieces were narrower on the anterior side than on the posterior one; 5 mm as opposed to 7.5 mm respectively ( Figure 1H 3 ). The interradial pieces had a wider anterior margin than posterior margin; 5 mm vs 3 mm respectively. The interradial pieces were in direct contact with the radial pieces over the entire length. The posterior edges of the interradial pieces were gently concave in all cases ( Figure 1H 1^3 ).
The stone canal was attached to the body wall and was di⁄cult to detect. Two well-developed respiratory trees were present arising from a common base at the cloaca. The respiratory trees reached forward about two-thirds of the way up the body. The gonad was split into two parts one each side of the dorsal mesentery. The two parts are slender and long, approximately 12 mm in length ( Figure 1G ). The Polian vesicle was single. It was long and slender, about 2 to 3 mm in diameter and 13 to 15 mm long ( Figure 1F) .
Ossicles: ossicles were exclusively rods in the tentacles and the gonad. No ossicles were present in the body wall or papillae. The tentacular rods ( Figure 1C) were very numerous and were of two types: slender, spiny-bifurcated (from 3 to 11mm) and smooth^slender with a central knob (from 3.1 to 17 mm). Some rods were slightly bent. It was very common to ¢nd irregular £at or knobbed bodies, up to 8 mm, of di¡erent complexity in the tentacles ( Figure  1E ). The rods in the gonad were smaller (from 6 to 15 mm) and thinner, with short processes near their extremities ( Figure 1D) . A central knob was present in some of the smaller ones (10 mm).
Distribution
North-east Atlantic, Porcupine Abyssal Plain ).
Bathymetric distribution
From 4350 to 4850 m .
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Molecular analysis
The overall length of the ampli¢ed mitochondrial DNA products varied between 610 base pairs (Pseudostichopus villosus) and 690 base pairs (P. aemulatus) at the 3 0 end of the gene. The consensus DNA sequences of the ampli¢ed fragments had 597 base pairs. The sequences were submitted to the GenBank data base (accession nos. AF486430^AF486433). Full molecular analysis may be found in Sol|¤ s-Mar|¤ n (2003) .
The identity of the partial sequence of the COI gene was con¢rmed by similarity of the peptide sequence to the COI gene of the sea urchin Strongylocentrotus purpuratus (Jacobs et al., 1988) and the COI data from holothurians published by Arndt et al. (1996) (GenBank accession nos. U31901, U32210^U32221, U32198 and U32199). The sequence containing the putative COI gene fragment was translated using the echinoderm codon table (Himeno et al., 1987) . The COI gene is assigned ATG as the initiation codon. All specimens of the same species had identical amino acid sequences. The number of amino acid di¡er-ences between the Pseudostichopus species ranged from 4 to 18. The maximum di¡erence (18) occurred between P. villosus and P. mollis. There were only 7 amino acid di¡erences between Pseudostichopus and Isostichopus.
The average contributions of bases across the sequences studied were A¼27%, C¼20%, G¼17%, and T¼34%. No signi¢cant di¡erences in base composition were detected across the four taxa (w 2 ¼10.16; df¼39; P40.999). In the synallactid group, the GC content of the sea cucumber COI gene fragments ranged from a low of 30% in P. mollis to a high of 37% in P. aemulatus and P. villosus, with an average of 35%. As reported for numerous organisms, including a number of other echinoderms (Jacobs et al., 1988; Cantatore et al., 1989; Asakawa et al., 1991; Arndt et al., 1996) , the proportion of guanine (G) in the third position was low (6^11%) with a corresponding increase in adenine (A) (average of 45%).
There was no signi¢cant intraspeci¢c divergence between the regions of the COI gene (0.06%) For the COI gene, the observed directional mutation pressure results in a restricted substitution pattern where C ?T transitions and transversions involving A predominate. Table 6 presents the matrix of the average pairwise GTR+site-speci¢c rates distances for the COI sequences. Pseudostichopus aemulatus shows a degree of genetic divergence from P. villosus, comparable with the pairwise distances between P. mollis and P. villosus.
Minimum evolution, maximum parsimony and maximum likelihood (heuristic search) analyses produced identical 50% majority-rule bootstrap consensus tree topologies, with varying bootstrap values ( Figure 2A ). The ML exhaustive search produced a very similar phylogenetic tree di¡ering only in the intraspeci¢c relationships of P. aemulatus. Of the 135135 trees evaluated in the exhaustive search, a single tree was retained with the best score of lnL 1834.16714 ( Figure 2B ). Mortensen (1927) Pseudostichopus aemulatus di¡ers from P. marenzelleri in the lack of small thread-like papillae over whole body. Also, in P. marenzelleri, ventral podia form irregular groups around the mouth and in the inferior third of the body. These were not apparent in P. aemulatus.
DISCUSSION
Pseudostichopus aemulatus has ossicles in the gonad wall. This is unlike P. occultatus. In addition, the shapes of the tentacle ossicles in the two species are di¡erent. Moreover, the calcareous ring is short and stout in P. aemulatus and tall and thin in P. occultatus.
Pseudostichopus depressus and P. lapidus lack ossicles in any internal organ, unlike P. aemulatus. Moreover, the general body shape of P. depressus is completely di¡erent to P. aemulatus. In P. depressus the body is £at with a marginal rim while in P. aemulatus it is more cylindrical, although it does have a £at ventral surface.
Pseudostichopus lapidus di¡ers from P. aemulatus in having a row of 25 ventral tubefeet along the edge of the body. These are restricted to the middle part of the body. Moreover, P. lapidus possesses one row of papillae along each dorsal radius, with four papillae in each row.
Pseudostichopus aemulatus di¡ers from P. villosus in the general external body shape appearance. Pseudostichopus aemulatus possesses a well de¢ned £at ventral region, while P. villosus is much more rounded, and does not have a well-de¢ned ventral region. Pseudostichopus aemulatus has well-developed dorsal papillae arranged in double rows, but these are absent in P. villosus.
The distinguishing diagnostic characters of P. aemulatus are: (1) the presence of dorsal papillae arranged in two double rows along the dorsal radii and two single rows along the lateral radii where the dorsal and ventral surfaces meet; (2) the shape of the ossicles in the gonadö irregular bodies and rods with short processes near the ends; and (3) the shape of the ossicles in the tentaclesö slender, spiny-bifurcated and smooth^slender rods with a central knob.
The nucleotide distance between P. aemulatus and P. villosus and P. mollis is COI: d¼39%, su⁄cient to support distinct species status. In sea cucumbers, a COI: d¼15% is enough to identify a distinct species status, as argued by Arndt et al., (1996) . This is also compatible with recent studies using COI sequences as a species 'barcode' in which the majority of echinoderm pairwise species comparisons showed per cent sequence divergences of 4^16% with a mean of 10.9% (Hebert et al., 2003) . Therefore, based on partial sequences of the COI gene from sympatric specimens and ossicle morphology, we conclude that P. villosus and P. aemulatus are not conspeci¢c.
We found that there are only seven amino acid di¡er-ences in the DNA sequences of the mitochondrial gene COI gene between the aspidochirotid families Synallactidae (Pseudostichopus spp.) and Stichopodidae (Isostichopus fuscus). Other pairwise amino acid comparisons between families and orders of sea cucumbers show di¡erences ranging from 11 to 31 amino acids (Arndt et al., 1996) . The di¡erence in the number of amino acids within the Pseudostichopus species ranged from 4 to 18. This is higher than that found by Arndt et al., (1996) within the family Cucumariidae, were it ranged from 1 to 8.
The large variation in amino acids in the species of Pseudostichopus shows that the intergeneric relationships within Synallactidae are probably not fully resolved. This is re£ected in the trichotomy of the unrooted tree ( Figure  2B ). However, in relation to P. villosus and P. aemulatus the phylogenetic analysis clearly supports separate species status of these sympatric morphotypes ( Figure 2B ), as indicated by the morphological analysis. Pseudostichopus villosus forms a distinct and separate clade to P. aemulatus and P. mollis in all tree topologies with bootstrap values of 100%.
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Pseudostichhopus aemulatus is also well supported as a monophyletic clade by 100% bootstrap values. Pseudostichopus mollis appears as the sister group to the P. aemulatus clade with bootstrap values of 98% and 100% (Figure 2A) . The trees are all rooted with the outgroup, Isostichopus fuscus. No further assumptions can be made on the intrageneric relationships of P. villosus, P. mollis and P. aemulatus. These preliminary ¢ndings suggest that molecular analysis on the inclusive species of the Pseudostichopus genus is required to clarify the current controversial taxonomic classi¢cation of the genus, and possibly as a result of these initial results, of the inclusive families of the Aspidochirotida.
The genus Pseudostichopus is a taxon where external morphology and ossicle shape simplicities have led to uncertainties in the taxonomy at the species level. This study demonstrates that recognition of new species using a combination of morphological and molecular characters together will bring a better understanding on the systematics of this group. It also demonstrates the concept of the COI partial sequence as a molecular barcode for species level taxonomy in holothurians.
